Brazilian spotted fever (BSF) is a fatal zoonosis because of the difficulties in its early diagnosis and treatment. Occurrences of BSF in the northeast of the state of Paraná prompted investigation of areas at risk of this rickettsiosis in the municipalities of Japira, Jaboti, Pinhalão and Tomazina. To determine the areas at risk, 592 serum samples from dogs and 230 from equids were analyzed by means of the indirect immunofluorescence assay (IFA) for Rickettsia rickettsii and R. parkeri . In addition, risk probability maps were drawn up using the kriging indicator technique. Among the samples tested, 5.3% (43/822) indicated presence of antibodies reactive to at least one of the two Rickettsia species tested: 7.8% of the equids (18/230) and 4.2% of the dogs (25/592) were positive. Geostatistical analysis showed that the average seropositivity rate was 5 to 6%. Although the average seropositivity rates observed among these dogs and equids were lower than those reported from endemic areas of Brazil, the biotic components (etiological agent, vector and reservoirs) and environmental aspects of BSF epidemiology were present in these municipalities.
Introduction
Generally, little information is available in Paraná state (southern Brazil) for Brazilian Spotted Fever (BSF), a zoonotic disease that can be fatal because of the difficulties involved in early diagnosis and treatment (MONTEIRO et al., 2014) . This is the most important rickettsial disease in Brazil and is among the most deadly in the world (FIOL et al., 2010) .
The etiological agent of BSF is Rickettsia rickettsii, a Gram-negative obligate intracellular bacterium (LABRUNA, 2009 ). This species, in the family Rickettsiaceae, is also the agent responsible for Rocky Mountain spotted fever (RMSF) in the USA (PAROLA et al., 2013) In Brazil from 1997 to May 2014, 1,243 cases of human rickettsiosis were recorded, with 29.28% lethality . In the state of Paraná, the first confirmed human case of BSF was informed by the Ministry of Health in 2005 (BRASIL, 2006 . Since then, 14 new cases have been recorded, with two deaths . Besides R. rickettsii (the agent of BSF), a Rickettsia parkeri-like agent, strain Atlantic rainforest, has been recognized to cause spotted fever illness in humans from Santa Catarina and Rio Grande do Sul, southern Brazil (PAROLA et al., 2013; KRAWCZAK et al., 2016; VIZZONI et al., 2016) . In addition a R. parkeri-like agent of unknown pathogenicity, strain ApPR, has been detected in Amblyomma parkeri ticks collected from wild birds in the eastern part of the state of Paraná (PACHECO et al., 2012) .
BSF is a multisystemic disease, and it is difficult to make a differential diagnosis in relation to non-rickettsial diseases that present fever and rash, such as leptospirosis and dengue (FIOL et al., 2010; MONTEIRO et al., 2014) . When the possibility of BSF occurrence is neglected, fatal cases can occur without any definitive diagnosis having been determined (MONTEIRO et al., 2014) . The difficulties in diagnosing BSF in humans, especially in its early stages, highlight the importance of characterizing areas with greater possibility of BSF occurrence, in order to enable early diagnosis and prompt treatment (BRASIL, 2010) .
Investigations on sources of rickettsial infection or exposure have used the indirect immunofluorescence assay (IFA) to detect anti-rickettsial antibodies in mammals, particularly horses and dogs (HORTA et al., 2004) . These animals, with positive serological findings, have been indicated as sentinels in areas endemic for BSF. In addition, horses are primary hosts of the main vector tick, Amblyomma sculptum (NAVA et al., 2014) , which commonly infests dogs and, in turn, facilitates infestation of human habitations (FREITAS et al., 2010) . Human infection is accidental and depends on tick abundance, when the ticks cohabit the same environment as man (HORTA et al., 2004; SANGIONI et. al., 2005) . Lately, incorporation of geoprocessing techniques and spatial analysis in epidemiological studies has become increasingly common (MAGALHÃES, 2012) . This improves the visualization of risk areas, thus making it a valuable tool for analysis on disease dynamics and their relationship with the environment (MEDRONHO et al., 2003; MAGALHÃES, 2012) .
The notification of BSF cases in the state of Paraná state has given rise to serological investigation of the spotted fever group bacteria in dogs and equids, and geostatistical data analysis, in order to identify likely BSF risk areas in the municipalities of Japira, Jaboti, Pinhalão and Tomazina in the northeastern region of the state of Paraná.
Materials and Methods
This study was conducted in rural areas of the municipalities of Japira (Estrelinha district) (23.81° S, 50.13° W), Jaboti (Água Branca district) (23.74° S, 50.07° W), Pinhalão (Pinhalão riverbank) (23.79° S, 50.05° W) and Tomazina (Germino district) (23.77° S, 49.95° W), which are within the northeastern region of the state of Paraná (Figure 1) .
They are located in a sedimentary area with topography ranging from mild undulating to wavy, with altitudes of 550-650 meters above sea level, low-fertility soils (red ultisol, oxisol and litholic Neosol) and unfavorable agricultural potential or restrictions primarily in relation to mechanization (IBGE, 2011) .
Its weather is mesothermal: humid subtropical, with hot summers and moderate concentration of rainfall in the summers (average temperature above 22 °C); winters with infrequent frost (average temperature below 18 °C); and no marked dry season (IAPAR, 2014) .
The native vegetation belongs to the Atlantic Forest biome, and consists of ombrophilous or semi-deciduous forest. The altered primary forests, along with the secondary, as well as coppices and exotic vegetation (eucalyptus), follow the local hydrography, along with some reserves on the slopes and/or hill tops. Forested areas of permanent preservation or legal reserve in Jaboti have 1,356 hectares, in Japira 1,538 hectares, in Pinhalão 2,550 hectares, and in Tomazina 6,956 hectares (IBGE, 2006) .
The hydrography is of dendritic type, with many rivers and streams featuring waterfalls. The valleys are open and the arboreal vegetation (forest) extends beyond the marginal zone to the rivers. Most often, the older residences are located on the lower slopes and valleys, next to the local bodies of water, and the secondary forest or the altered primary forest is located 20 to 30 meters from the streams and riverbanks, which have now been designated as Permanent Preservation Areas.
The blood samples used in this study were from the serum bank of the research project entitled "Can Equids Be a Reservoir of Leishmania braziliensis in Endemic Areas?" The animal research ethics protocol for this project was approved by the National Council for Scientific and Technological Development (CNPq) (procedural no. 301906/2008-4) .
Blood samples were collected by means of venous puncture from the dogs' cephalic vein and from the equids' jugular vein. All the samples were identified, placed in cool boxes with ice, and transported to the Basic Parasitology Laboratory of the State University of Maringa. Serum from each blood sample was separated by means of centrifugation at 3,000 rpm for 10 minutes. The serum samples were then divided into aliquots in 1.5 mL microtubes (Eppendorf ), and then stored at -20 °C. These serum samples were subsequently subjected to indirect immunofluorescence assay (IFA), since this is the serological method most used for determining of possible exposure. This method is also the gold standard of the Ministry of Health, because of its high sensitivity and specificity to spotted fever group rickettsiae (BRASIL, 2010).
Slides were prepared and presented at the Clinical Immunology Laboratory of the State University of Maringa. The antigens used were Rickettsia rickettsii (Taiaçu strain) and R. parkeri (AT24 strain), provided by the Parasitic Diseases Laboratory of the University of São Paulo (VPS/USP). IFA was performed in accordance with Horta et al. (2004) , where known positive and negative sera were used as controls on each lamina. Samples that showed fluorescence were diluted at ratios from 2 to 1:4,096 for antibody endpoint titer determination. Samples with titers ≥ 64 for R. rickettsii and R. parkeri were considered positive.
To check the spatial distribution of seropositivity cases, geostatistical techniques were put into action. These assume that the closest spatially correlated data have similar behavior to each other (CARDUCCI et al., 2015) . The animals examined were classified as 1 (seropositive) or 0 (seronegative) and, from this, it was possible to determine the areas at risk of BSF occurrence.
To detect spatial dependence, we used the classic semivariance estimator proposed by Matheron (1963) . According to Cressie (1993) , with a sample Z (x i ), where i = 1, 2, ...,n, the semivariance estimator is defined by Equation 1:
Where: ŷ (h)is the semivariance estimator; N (h) is the number of measured values in pairs, Z (x i ) and Z (x i + h), separated by a distance vector h; Z (x i ) and Z (x i + h): are realizations of the random variable Z (x i ), i.e. values of the i th observation of the regionalized variable, collected at the x i points and (x i + h), with i = 1, 2, ..., n, separated by the h vector.
From the adjusted model and indicative variables (1 = seropositive and 0 = seronegative) it was possible to draw up a probability map using the indicator kriging technique. According to Verhagen & Bouma (1997) , cited by Motomiya et al. (2006) , the indicator kriging technique has been successful because it allows expression of the spatial model in terms of probability.
All statistical analyses were performed using the R software (R DEVELOPMENT CORE TEAM, 2012).
Results
From March to November 2009, 592 blood samples from dogs, 230 from equids (185 horses and 45 donkeys), thus totaling 822 samples (Table 1) , were collected. The ages of the dogs ranged from two months to 15 years; horses, from six months to 20 years; and donkeys, from three to 19 years. All the animals were apparently healthy.
These 822 serum samples from dogs, horses and donkeys were tested by means of IFA. Among them, 43 (5.3%) contained antibodies that reacted with R. rickettsii and/or R. parkeri, taking the titer of 64 as the cutoff point (Table 1) .
Among the 185 horses tested, 16 (8.6%) demonstrated positive titers, of which three (18.7%) had titers of 64, two (12.5%) had titers of 128, two (12.5%) had titers of 256 and one (6.25%) had a titer of 256 for R. rickettsii; five (31.5%) were reactive to R. parkeri with a titer of 64, and three reacted to both Rickettsia species tested, with titers ranging from 64 to 2,048 for R. rickettsii and from 64 to 256 for R. parkeri. Among the 45 donkeys sampled, two (4.4%) had titers of 128 for R. rickettsii (Table 2) .
Among the 592 dog samples subjected to IFA, 25 (4.2%) had titers that were reactive to the Rickettsia species tested. Of these, twelve samples (48%) reacted only to R. rickettsii, with titers ranging between 64 and 128; and six (24%) had titers against R. parkeri ranging from 64 to 256. Of the serum samples, seven (28%) reacted to both of the Rickettsia species tested, with titers ranging from 64 to 512. The positive canine samples (C007, C195, C416 and C057) had titers from 128 to 512 against the R. parkeri antigen. In three other canine samples (C276, C289 and C062), titers of 128 against R. rickettsii were found (Table 2) .
Geostatistical analysis on the results showed that the average seropositivity rate was 5 to 6% in all the four municipalities, and that the greatest probability of seropositivity occurred in the south-central area of Japira, along with the southeast of Jaboti, with seropositivity rates of 8% (Figure 2) . Considering only the seropositive dogs, the average seropositivity rate was 6%. The areas of greatest probability of seropositivity were the north and south-central areas of Japira, east of Jaboti, southeast of Pinhalão and central-west of Tomazina (Figure 3 and 4) .
Discussion
Although the first report of BSF in Brazil was in 1929, the disease was not notified in Paraná until 2005, when the first human case appeared in São José dos Pinhais (BRASIL, 2006; FREITAS et al., 2010) . Thereafter, 14 cases were reported in districts of 13 municipalities, with two deaths from complications: one in the municipality of Andirá and another in Leópolis (BRASIL, 2014), both located in the northeastern region of the state of Paraná.
Most of the 43 seropositive samples (titers ≥ 64) in the present study (Table 2 ) reacted with to both R. rickettsii and R. parkeri antigens, which are agents that cause spotted fever illness in Brazil and other American countries (PAROLA et al., 2013) . However, because serologic cross-reactions are well known to occur between different Rickettsia species of the spotted fever group (PAROLA et al., 2013) , the seropositive results of the present study are technically interpreted as seropositive to spotted fever group rickettsiae, which could include other Rickettsia species from the spotted fever group besides R. rickettsii and R. parkeri. The geostatistical analysis showed that the spatial distribution of seropositive dogs and equids was homogeneous, with an average annual probability of seropositivity close to 6%. However, the northern area of Japira, (D), south of Tomazina (C) and southwest of Pinhalão (B) differed from this pattern, with seropositivity probability of about 2%. The south-central area of Japira and southwest of Jaboti (A) showed seropositivity probabilities of 6 to 8% (Figure 2 ) with the highest risk area. According to Magalhães (2012) spatial analysis ultimately enables the identification of health problems in risk areas.
The areas with greatest probability of seropositivity to spotted fever group rickettsiae in dogs and equids were almost the same. The exceptions were the north of Japira, southeast of Jaboti and south of Pinhalão, with seropositivity probabilities of 4 to 8% among dogs ( Figure 3) ; and the northwest area of Tomazina with seropositivity probability of 2 to 4% among horses (Figure 4) . In area A, with higher seropositivity probability for dogs and equids analyzed individually (Figures 3 and 4) , it should be noted that the seropositivity probability for dogs ranged from 0 to 8%, while for equids, the range was from 0 to 4%. Interestingly, this area has an areas of about 88 km 2 and is located between the Iguape and Patrimônio streams, where sugarcane, cassava, corn and bean crops can be seen, along with forest remnants, which together may be the biggest risk factors in area A. The presence of rivers, with crop areas and a few areas of native forest, has a strong correlation with BSF (RIBEIRO et al., 2013; BARROS E SILVA et al., 2014) . According to Fortes et al. (2010) , this type of environment favors development of capybaras, which are a competent amplifier host for Rickettsia species of the spotted fever group and are one of the main hosts of the tick vector, Amblyomma sculptum (LABRUNA, 2009; NAVA et al., 2014) .
The data presented here confirm the results obtained from other studies conducted in the state of Paraná, through verifying the presence of anti-rickettsial antibodies in human, equine and canine serum samples for two or more Rickettsia species, especially R. rickettsii and R. parkeri. These other studies indicated positive rates ranging from 5.5 to 38.5% in horses, from 0 to 19.1% in dogs and from 4.7 to 21.0% in humans (BATISTA et al., 2010; FREITAS et al., 2010; OTOMURA et al., 2010; TAMEKUNI et al., 2010; TAMEKUNI et al., 2011; TOLEDO et al., 2011) , according to the geographic area. The low prevalence found in this study suggests that dogs and horses are exposed to a small vector population infected by Rickettsiae. However, data obtained by Fortes et al. (2010) and Freitas et al. (2010) show that, even in regions where there is low prevalence of seropositive dogs and equids, human cases of BSF may occur.
The spatial proximity of the municipalities of Japira, Jaboti, Pinhalão and Tomazina to areas that are endemic for BSF in municipalities in the southwest of the state of Sao Paulo (RIBEIRO et al., 2013), existence of risk factors such as the presence of capybaras (reported by the majority of the owners of the animals sampled) and the availability of competent vectors (LABRUNA, 2009; NAVA et al., 2014) suggest the hypothesis that areas at risk of BSF exist in these municipalities. Thus, these factors draw healthcare professionals' attention towards making a distinction between BSF and other febrile rash illnesses. The state Health Department thus needs to investigate the presence of the etiological agent, using human, equids and canine serological tests, and/or detection of rickettsial infection in ticks and wild animals, in municipalities of the state of Paraná where human cases of this disease were reported (BRASIL, 2006) and in those with environmental features that fit the epidemiology of BSF. It is important to note that other rickettsiae have been described as BSF causal factors, such as the Rickettsia sp. strain Atlantic rainforest (BARBIERI et al., 2014) . Moreover, not only A. sculptum is responsible for transmitting BSF but other species of ticks may also play a role (e.g. A. ovale and A. triste) (SABATINI et al., 2010; SZABÓ et al., 2013; BARBIERI et al., 2014; MONJE et al., 2016) .
The spotted fever group Rickettsia-seropositivity in domestic animals and the probability of risk detected through geostatistical analysis suggests that there is low rickettsial activity in the municipalities of Japira, Jaboti, Pinhalão and Tomazina. Although the average rates of seropositivity in dogs and equids were lower than those reported in endemic areas of Brazil, the biotic components (etiological agent, vector and reservoirs), and environmental aspects of BSF epidemiology are present in these municipalities. Thus it is necessary to conduct further studies including other rickettsial antigens or a large scale molecular survey (Polymerase Chain Reaction -PCR -and sequencing) in humans, animals and ticks to better identify which Rickettsia species is eliciting these serological responses.
